To date, therapies to prevent or treat Alzheimer's disease (AD) have largely focused on removing excess aggregation-prone amyloid peptide Aβ from the brain, an approach that has produced disappointing clinical outcomes. An alternative hypothesis proposes that Aβ production and aggregation is a symptom of a larger, systemic disease affecting the regulation of lipids, including cholesterol. In this scenario, lipid dysregulation would likely occur early in the disease process, making it an ideal target for predicting risk of mild cognitive impairment (MCI) to AD conversion. Here, we report that levels of filipin, a fluorescent polyene macrolide widely used as a diagnostic tool for diseases of lipid dysregulation, correlate with cellular damage caused by 27-hydroxycholesterol and with dementia status in human peripheral blood cells. These results provide strong preliminary data suggesting that filipin could be of use in the development of a quick and inexpensive method to measure the risk of AD conversion in patients with MCI, supplementing existing testing strategies that focus on the consequences of Aβ accumulation.
Introduction
Alzheimer's disease (AD) is the most common form of dementia in the United States, representing around eighty percent of all cases. As the country's sixth leading cause of death, AD currently affects 5.4 million Americans and is projected to increase to 7.7 million over the next several decades [1] . Conclusive diagnosis of AD is made post mortem, when specific pathological hallmarks are visualized in the brain: extracellular senile plaques (SPs), comprised of the amyloid-beta peptide (Aβ), and neurofibrillary tangles (NFTs), made from abnormally phos-phorylated tau protein. To date, AD research and therapy has largely focused on removing excess aggregationprone Aβ from the brain. However, while numerous drugs have successfully reduced the burden of Aβ in the brain by removing it or preventing its aggregation, they have failed to produce significant clinical improvements [2] . These lackluster outcomes have added weight to criticism from a growing number of scientists casting doubt on the validity of the amyloid hypothesis [3] [4] .
One alternative that has been proposed by ourselves and others suggests that Aβ production and aggregation is a symptom of a larger, systemic disease that affects the exquisitely-regulated balance of lipids in the brain, including cholesterol [5] . Genome-wide association studies (GWAS), as well as epidemiological and biochemical evidence, place cholesterol regulation as a likely early pathogenic trigger of late onset Alzheimer's disease, while biochemical and histochemical studies from human autopsy brains clearly show evidence for widespread brain cholesterol dysregulation in late onset AD [6] - [9] . Of particular interest is the presence of high levels of the side-chain oxidized form of cholesterol, 27-hydroxycholesterol (27-OHC), in the AD brain. Unlike cholesterol, 27-OHC can cross the blood brain barrier, providing a mechanism to account for the link between hypercholesterolemia and the risk of AD [10] .
Studies using fibroblasts and peripheral blood cells from AD patients have added weight to this argument by supplying histological and biochemical evidence of lipid dysregulation taking place in those cells [11] [12] . At the same time, APP and Aβ production has been shown to be influenced by sterols including 27-OHC [13] [16] . If dysregulation begins at presymptomatic stages of AD, and its severity increases with disease progression, it might be possible to differentiate mild cognitive impairment (MCI) sufferers according to their risk of conversion into AD by monitoring dysregulation of cholesterol or other lipids in peripheral cells. Ideally, one would want an inexpensive test that can provide quick quantification of cholesterol dysregulation using a system amenable to high throughput approaches.
Here, we report that filipin, a polyene macrolide widely used as a diagnostic tool for diseases of lipid dysregulation, such as Niemann-Pick type C disease (NPC), can be of potential use to develop such a test [17] [18] . We show that filipin fluorescence, as quantified by flow cytometry, can be measured in human peripheral blood mononuclear cells (PBMCs) and that its levels correlate with dementia status. These results provide strong support for larger clinical studies to test whether our filipin-based method can in fact predict the risk of AD conversion in MCI patients, an approach that would supplement existing strategies that focus on the consequences of Aβ accumulation.
Materials and Methods

Reagents
U18666A (Sigma-Aldrich, St. Louis, MO) was stored in aliquots at -80˚C as an aqueous solution at a concentration of 4.7163 M (2 mg/ml). Working concentrations were prepared in culture medium immediately prior to experiments.
24-hydroxycholesterol (24-OHC) and 27-hydroxycholesterol (27-OHC) (Cayman Chemical, Ann Arbor, MI) were prepared as 10 mm stock solutions in 100% ethanol (Sigma-Aldrich, St. Louis, MO) and stored in aliquots at −80˚C. Working concentrations were prepared in culture medium immediately prior to experiments.
Except where otherwise noted, cells were treated with media containing 5 mm U18666A, 10 µm 24-OHC, or 10 µm 27-OHC and incubated for 16 hours at 37˚C.
Cell Culture and Fluorescence Microscopy
B-lymphocytes were obtained from Coriell cell repository (Camden, NJ; Table 1 ) and cultured in RPMI (Life Technologies, Carlsbad, CA) with 15% FBS (Atalanta Biologicals, Flowery Branch, GA) and 1% pen/strep (Life Technologies, Carlsbad, CA). According to information available from Coriell, AD patients were not known to be homozygous for ApoE4.
SH-SY5Y human neuroblastoma cells (CRL-2266, American Type Culture Collection) were cultured in DMEM (Life Technologies, Carlsbad, CA) with 15% FBS and 1% pen/strep. For neuronal differentiation, cells were plated in 6-well plates at 400,000 cells/well (day 1). After 24 hrs (day 2), media was changed to DMEM with 3.75% FBS, 1% pen/strep, and 10 µm retinoic acid (RA; Sigma-Aldrich, St. Louis, MO). On day 5, media was discarded and replaced with fresh DMEM, again with 3.75% FBS, 1% pen/strep, and 10 µm RA. On day 6, Peripheral blood mononuclear cells (PBMCs) from adult donors were obtained from Leuko-pak leukocyte filters (Fenwal Laboratories, Lake Zurich, IL) and donated by the Blood Processing and Quality Control Lifestream (San Bernardino, CA). Ficoll-Hypaque (GE Healthcare, Pittsburgh, PA) and red blood cell lysis density gradient centrifugation were used for PBMC isolation exactly as described [19] .
Flow Cytometry
For FACS analysis, cells were fixed in paraformaldehyde (PFA) at room temperature (RT; peripheral blood cells, 1% PFA 30 min at RT; B-lymphocytes, 4% PFA 1 hr at RT) and treated with filipin for 30 min at RT (peripheral blood cells, 50 μg/ml filipin; B-lymphocytes, 100 μg/ml filipin). Flow cytometry was performed using a MACSQuant Analyzer (Miltenyi Biotec, Bergisch Gladbach, Germany) with excitation at 350 nm. Mean fluorescence intensity was calculated with FlowJo software (TreeStar, Inc., Ashland, OR). Average percentage of filipin-positive to total number of cells was determined in FlowJo using flipin fluorescence in cells from control patients (B-lymphocytes) or vehicle-treated cells (SH-SY5Y and PBMCs) to determine cut-offs (as described in Figure  S1 ). Statistical analysis of the percentages was performed in SPSS Statistics (version 22, IBM Corp.) using one-way ANOVA and Bonferroni post-hoc analysis.
Results
To assess the impact of cholesterol dysregulation on cytotoxicity, we treated neuron-differentiated SH-SY5Y cells with side-chain oxidized cholesterol forms 24-OHC or 27-OHC, and measured extracellular lactate dehydrogenase (LDH) as an indicator of cell damage. In addition, we treated cells with U18666A, a compound that inhibits cholesterol synthesis and intracellular trafficking and leads to apoptosis in a variety of cell lines, including neurons, thus serving as positive control for cholesterol-associated cytotoxicity [20] [21] .
As shown in Figure 1(a) , treatment of cells with 27-OHC, but not 24-OHC, led to significantly higher levels of LDH release than in untreated control cells, in agreement with previous work from the Ghribi laboratory [15] . Note also that the cytotoxic impact of 27-OHC was comparable to that seen in cells treated with U18666.
Next, we assessed the correlation between the cellular damage, as detected by LDH release, and levels of filipin fluorescence. Neuron-differentiated SH-SY5Y cells were treated as above with 24-OHC, 27-OHC, or U18666A, and fluorescence from filipin was measured by fluorescence-activated cell sorting (FACS). As seen in Figure  1(b) , 27-OHC, but not 24-OHC, led to a statistically significant increase in filipin staining that was comparable to the impact of U18666A. This differential result indicates that, in our SH-SY5Y neuronal model, filipin fluorescence does not correlate with overall levels of oxidized cholesterol, because 24-OHC does not lead to significant changes in filipin signal. Rather, filipin fluorescence correlates with the cytotoxicity status that accompanies the changes in subcellular distribution of the lipids that it detects [22] . This correlation is consistent with the idea of cholesterol dysregulation contributing to early pathogenesis in late-onset AD, as we have proposed [5] . Further supporting this correlation, Pani et al. have shown that skin fibroblasts from AD patients display higher levels of filipin fluorescence [11] , a result that we have confirmed in our laboratory (not shown). Overall, these results suggest that there is a continuum of filipin-sensitive cell damage that expands incrementally between healthy cognition and severe dementia. If that were the case, it might be possible to design a method to differentiate MCI sufferers according to their risk of conversion into AD by monitoring intracellular filipin levels. To be of clinical value, such a method would have to be quick and inexpensive and involve minimal risk to the patient. Thus, the use of fibroblasts is not optimal, as it involves invasive punch biopsies that are not a standard part of clinical care. In contrast, if the use of filipin could be applied to blood cells, the clinical application of our findings could be explored. To test that idea, we first determined whether filipin fluorescence can be detected in peripheral blood mononuclear cells (PBMCs) and whether it displays a range of levels that correspond to cholesterol dysregulation, as we found with SH-SY5Y cells (Figure 1) . To that end, we treated them with U18666A, widely used in vitro to generate an NPC-like aberrant cholesterol phenotype [20] [21] . Figure 2 shows a dosedependent effect of U18666A on filipin staining in PBMCs, indicating that dysfunction of cholesterol metabolism can occur in PBMCs and can be measured by filipin fluorescence.
Having determined that filipin-sensitive cholesterol dysregulation occurs in blood cells, we asked whether differences could exist between AD patients and cognitively healthy controls. In this case, we chose to study Blymphocytes because they are commercially available (Coriell Cell Repositories, Camden, NJ), and allow for quick confirmation of the feasibility of a filipin-based test in blood cells to determine cognitive status as well as the potential risk of MCI to AD conversion. As shown in Figure 3(a) , when compared to controls, B-lymphocytes from AD patients show a significantly larger proportion of filipin-positive cells. In addition to measuring population differences between groups, we also determined the average mean fluorescence intensity in individual cells, as a measure of the severity of intracellular abnormalities. As shown in Figure 3(b) , that average is significantly higher in AD cells, indicating that B-lymphocytes from AD patients not only show higher numbers of filipin-positive cells, but cells also display greater severity of intracellular, filipin-measurable abnormalities.
Discussion
We have recently proposed an Adaptive Response Hypothesis of neurodegeneration to account for the etiology of late onset Alzheimer's disease [5] . Our hypothesis states that familial and late onset forms of the disease represent etiologically different subsets of dementia and, furthermore, that dysregulation of lipids, including aberrant cholesterol oxidation patterns, is a key early pathogenic trigger of the late onset form of AD. Such dysregulation would begin at presymptomatic stages of AD, and its severity would increase with disease progression such that increasing levels of dysregulation would correlate with a worsening of cognitive status. Here, we rea- Table 1. soned that filipin, which is already in use as a diagnostic tool in fibroblasts for other lipid dysregulation diseases, such as NPC [18] , could be used to test whether such correlation exists in AD using blood cells, with the ultimate goal of designing a method of predictive value in assessing the risk of MCI to AD conversion. Our results presented here are consistent with that view, showing that the presence of intracellular abnormalities, as detected by filipin fluorescence, correlates with cellular damage (Figure 1) and is a part of AD pathology that can be readily detected in B-lymphocytes (Figure 3) . The fact that cholesterol-associated cellular damage can be detected by filipin is a key novel finding. Although cholesterol-related abnormalities in peripheral cells of AD patients have been described [11] [12] [23] , whether such abnormalities are reflective of pathogenesis or are instead a marker for pleiotropic effects is an important but still unanswered question with obvious implications for therapeutic intervention. In that regard, this is, to our knowledge, the first report showing that cellular damage induced by oxidized cholesterol can be measured with filipin fluorescence. Increased filipin fluorescence in response to 27-OHC cannot be accounted for by an overall increase in oxidized cholesterol levels per se, because an excess of 24-OHC, which is not cytotoxic (Figure 1(a) ) does not result in an increase in the filipin signal (Figure 1(b) ) [14] [15] . This suggests that filipin is detecting changes in cholesterol distribution secondary to an excess of 27-OHC, a view supported by the fact that such changes also occur and are detected by filipin in NPC [18] . The specific mechanisms by which filipin may detect cholesterol-related abnormalities beyond its established affinity for unesterified cholesterol remain unknown and their study is outside of the scope of this report [22] . Of more direct relevance is the fact that filipin fluorescence correlates with changes elicited by U18666A and by exposure to 27-OHC, known to be upregulated in AD, both of which result in measurable cytotoxicity.
We have also shown that human PBMCs are susceptible to cholesterol dysregulation as induced by U18666A and that the range of dysregulation is measurable by filipin using flow cytometry (Figure 1) . These findings suggest that filipin could be of use to develop a test to compare cholesterol dysregulation levels between AD patients and cognitively functional controls. The results shown in Figure 3 provide proof of principle that this is indeed possible, showing a higher number of filipin-positive B-lymphocytes, as well as higher average mean intensity of fluorescence, in the AD population (Figure 3) . Note also that cells from the control population showed greater heterogeneity compared to AD patients by both measures. Variance in the controls is predicted from a population whose cognitive function levels are heterogeneous below the threshold of cognitive impairment. In contrast, the AD population has an extremely low variance, also as expected, because their cognitive function is compromised and they have crossed the "filipin threshold". These differences in variance are consistent with the notion that MCI patients might be separated out in terms of their risk of conversion to AD, strongly supporting a potential clinical application for filipin testing.
It is also noteworthy that the choice of B-lymphocytes was determined by their commercial availability. Further work in larger clinical studies will determine differences in filipin sensitivity between these cells and different subpopulations of PBMCs, which may show comparable or superior clinical value than B-lymphocytes to diagnose cognitive status and/or identify at-risk MCI populations.
In summary, we conclude that quantifying cellular filipin levels can accurately differentiate between control and AD patients in blood cells.Our findings may help define AD in the blood by focusing on markers of cellular pathology, and they provide strong preliminary data in support of larger clinical studies to test whether afilipin-based method can indeed predict the risk of AD conversion in MCI patients.
